Members of several bacterial lineages are known only as symbionts of insects and move among hosts through maternal transmission. Such vertical transfer promotes strong fidelity within these associations, favoring the evolution of microbially mediated effects that improve host fitness. However, phylogenetic evidence indicates occasional horizontal transfer among different insect species, suggesting that some microbial symbionts retain a generalized ability to infect multiple hosts. Here we examine the abilities of three vertically transmitted bacteria from the Gammaproteobacteria to infect and spread within a novel host species, the pea aphid, Acyrthosiphon pisum. Using microinjection, we transferred symbionts from three species of natural aphid hosts into a common host background, comparing transmission efficiencies between novel symbionts and those naturally infecting A. pisum. We also examined the fitness effects of two novel symbionts to determine whether they should persist under natural selection acting at the host level. Our results reveal that these heritable bacteria vary in their capacities to utilize A. pisum as a host. One of three novel symbionts failed to undergo efficient maternal transmission in A. pisum, and one of the two efficiently transmitted bacteria depressed aphid growth rates. Although these findings reveal that negative fitness effects and low transmission efficiency can prevent the establishment of a new infection following horizontal transmission, they also indicate that some symbionts can overcome these obstacles, accounting for their widespread distributions across aphids and related insects.
Bacteria and insects have evolved a diverse array of symbiotic interactions which play roles in insect nutrition (5, 7, 20, 22, 38, 76) , defense (24, 37, 50, 51) , reproduction, and development (11, 29, 35, 56, 66) . Symbiotic bacteria harbored by insects are often heritable, i.e., they are transferred directly from mother to offspring (for an example, see references 9 and 62). This vertical (i.e., maternal) route of transmission aligns the interests of symbiotic partners, since symbiont spread depends upon host reproduction (10, 23, 40) . As a result, the prevalence of a microbial symbiont will be determined by its net effects on host fitness and the efficiency of transmission. Both fitness benefits and highly efficient transmission will favor the spread of a heritable symbiont throughout a host population (for an example, see reference 71) .
Aphids are an ideal group of organisms for studies of symbiosis. Nearly all of these phloem-feeding insects harbor the bacterium Buchnera aphidicola (45, 47, 48) , an ancient heritable symbiont that is essential for growth and reproduction (21, 52) . Many aphids contain additional heritable bacteria known as accessory, or secondary, symbionts (9, 12, 18, 26, 27, 60, 72) . These are often present at intermediate frequencies within aphid species (14, 32, 65, 70) and are generally thought to be nonessential from their hosts' perspective (but see references 26 and 60) . Like B. aphidicola, secondary symbionts are passed on from mother to offspring with high efficiency, approaching 100% in the lab (13, 19, 28, 60) . Recent studies have identified benefits conferred by these microbes involving resistance to natural enemies (24, 55) , heat tolerance (13, 42, 57) , and host plant utilization (70) (but see reference 39). These effects provide adaptive explanations for secondary symbiont prevalence, supporting theoretical predictions.
Secondary symbionts of aphids have evolved from a wide range of bacterial clades. Several, including Arsenophonus species, "Candidatus Serratia symbiotica" (also known as R-type, S-sym, PASS), "Candidatus Hamiltonella defensa" (also known as T-type, PABS), and "Candidatus Regiella insecticola" (also known as U-type, PAUS), belong to the gamma-3 subdivision of the Proteobacteria and are related to free-living microbes such as Escherichia coli, Proteus vulgaris, Yersinia pestis, and Serratia species (44, 58, 60) . Whereas the "Candidatus Serratia symbiotica" and "Candidatus Regiella insecticola" are currently described from multiple aphid families, Arsenophonus and "Candidatus Hamiltonella defensa" have been found in even more distantly related hosts. Both infect whiteflies and psyllids, phloem-feeding relatives of the aphids; Arsenophonus species have been identified in ticks and wasps (16, 18, 29, 31, 58, 60, 68, 77) . Small genetic distances between bacteria infecting phylogenetically distant host species and incongruent host and symbiont phylogenies reveal that these four heritable symbionts have undergone occasional horizontal transmission between host species (58, 60, 77) . This suggests that they have retained an ability to colonize and persist in many aphid species and even in other hosts. We currently lack a detailed understanding of the forces shaping symbiont host range and whether symbionts vary in their potential range of hosts.
To examine their capacities to infect novel hosts, we have transferred secondary symbionts from three aphid species into the pea aphid, Acyrthosiphon pisum (Hemiptera: Aphididae). Here, we describe the abilities of Arsenophonus and "Candi-datus Regiella insecticola" isolates to undergo vertical transmission in this novel background. We compare the transmission efficiencies of these "novel symbionts" with those of "native" "Candidatus Regiella insecticola" originating from A. pisum. We also compare the effects of novel symbionts (Arsenophonus and "Candidatus Hamiltonella defensa") on A. pisum fitness to effects induced by native symbionts ("Candidatus Serratia symbiotica," "Candidatus Hamiltonella defensa," and "Candidatus Regiella insecticola"). Our results reveal variation in both transmission rates and fitness effects among these heritable bacteria, suggesting two barriers that limit their natural distributions.
MATERIALS AND METHODS

Symbionts and aphids.
A. pisum was reared on synchronously aged, preflowering fava beans (Vicia faba) grown in a greenhouse at the University of Arizona. All cultures were reared on single plants in 4-inch-diameter pots, each enclosed by a clear Solo cup containing a mesh top for ventilation. These cultures were placed in growth chambers which were set for 18 h of light and 6 h of darkness (18L:6D) and a constant temperature of 20°C.
Four clones of A. pisum were used in the transmission efficiency experiment: "recipient" clones 5A and 7a and "donor" clones 2a and 8-10-1, all of which harbor B. aphidicola. Recipient clones lacked the pea aphid Rickettsia symbiont, Arsenophonus, "Candidatus Serratia symbiotica," "Candidatus Hamiltonella defensa," and "Candidatus Regiella insecticola," as confirmed by diagnostic PCR (60; J. A. Russell, unpublished data). Donor clones were naturally infected with "Candidatus Regiella insecticola" and free of the other four secondary symbionts. Each A. pisum clone was started from a single parthenogenetic female collected from alfalfa in the Finger Lakes region of New York in 2000 (7a, 2a, and 8-2b) or 2001 (8-10-1) or from alfalfa (5A) or black medic (2BB) in Arlington, Wisconsin. We occasionally performed diagnostic PCR screens on each of these clones to confirm their secondary symbiont complements (58) . Our results resembled those from previous studies (14, 19, 60) , revealing stable infections and highly efficient transmission.
Three aphid species were used as donors of novel symbionts. First, a Myzocallis species feeding on oak (Quercus virginiana) on the University of Arizona campus was found to harbor a symbiont related to Arsenophonus secondary symbionts of psyllids and whiteflies and to the male-killing Arsenophonus nasoniae of the wasp Nasonia vitripennis (58) . The symbiont was detected in all surveyed individuals within this population (14/14 collected from 2001 to 2003) according to PCR assays, and no other secondary symbionts were identified in these aphids (0/6 for "Candidatus Serratia symbiotica," 0/6 for "Candidatus Hamiltonella defensa," 0/6 for "Candidatus Regiella insecticola," and 0/5 for Wolbachia) (58; Russell, unpublished) . Diagnostic PCR revealed an absence of Arsenophonus from over 100 A. pisum individuals collected from New York and Wisconsin (Russell, unpublished) and a similar absence from Japanese populations of A. pisum (70) , indicating that Arsenophonus is not a common associate of this aphid. Second, Macrosiphum euphorbiae aphids feeding on Penstemon species in Tucson, AZ, were infected with "Candidatus Regiella insecticola" at a high frequency (7/7 infected across 1999 and 2001) (58; Russell, unpublished). These aphids harbored "Candidatus Hamiltonella defensa" at lower frequencies (1/7), whereas all individuals were negative for "Candidatus Serratia symbiotica" (0/7) and pea aphid Rickettsia (0/3). The 16S rRNA sequence of the "Candidatus Regiella insecticola" symbiont (GenBank accession no. AY136149) displayed 99.2% similarity to the "Candidatus Regiella insecticola" isolate from A. pisum clone 2a (GenBank accession no. AY136138) (58) . Finally, diagnostic PCR demonstrated that Aphis craccivora (from alfalfa in Marana, AZ) harbored a "Candidatus Hamiltonella defensa" isolate with 99.7% similarity (GenBank accession no. AY136136) to the 16S rRNA gene of the isolate from A. pisum clone 8-2b (GenBank accession no. AY136141) (58) . Clonal A. craccivora colonies were established in the lab and reared on alfalfa with 16 h of light and 8 h of darkness and at a constant 22°C.
Transmission efficiency. (i) Injections. Secondary symbionts reside in multiple locations within their aphid hosts, including the bacteriocytes and hemolymph (9, 12, 28, 60) . Previous studies have reported the successful transfer of these bacteria between aphids by microinjection of hemolymph from an infected aphid (13, 27, 50) . We used a similar approach to transfer symbionts among aphids, first extracting body fluids from late instar juveniles with a glass microcapillary tube pulled into a fine needle. The contents were injected into the abdominal segments of second to fourth instar juveniles which were immobilized on a pipette tip attached to a vacuum on the stage of a dissecting microscope. Injected aphids were placed onto fava bean plants and reared with 18L:6D and at 20°C. Fieldcollected M. euphorbiae and Myzocallis individuals were used as symbiont donors. Alternatively, A. pisum (2a and 8-10-1) donors were obtained from clonal, labreared cultures, as were the recipient A. pisum (5A and 7a).
(ii) Measuring maternal transfer. To determine the capacity for symbionts to infect novel host species, we compared maternal transmission efficiencies of Arsenophonus and "Candidatus Regiella insecticola" in A. pisum to those of native "Candidatus Regiella insecticola" symbionts originating from other A. pisum clones. Several dozen A. pisum juveniles were injected over a 2-to 4-day period in both March 2002 (83 to 85 per treatment) and April 2003 (116 to 120 per treatment). These individuals were reared on fava beans until 6 days postinjection, when survivors were counted. Wounding from injections led to high mortality that differed between the time blocks (18 to 25% survival for 2002 and 48 to 56% survival for 2003). However, chi-square tests revealed no differences in survival among the different injection treatments.
At day 6, survivors from each treatment were used to start single female lineages. To obtain estimates of transmission over time, we collected and froze offspring (F 1 ) born to these females between 8 to 10, 12 to 14, and 16 to 20 days postinjection. Based on previous findings (14), we expected efficient transmission beginning close to 2 weeks and comparatively inefficient transmission before this time. Data on offspring produced between days 12 and 14 were available only for the March 2002 experiment.
Single female survivors were collected and frozen at 18 or 20 days postinjection. Lineages descended from these aphids were perpetuated for at least 4 generations using single female parents to seed each generation. Lines were subsequently maintained by transferring multiple females to new fava bean plants at approximately 2 week intervals. We froze and screened offspring from several of these lineages over multiple generations to measure transmission efficiency and to aid in our selection of lines for use in future experiments.
DNA extractions were performed on single aphids as previously described (4, 60), and samples were assayed for symbiont infection using diagnostic PCR, in which symbiont-specific primers for the 16S rRNA gene (Ars1015F, 5Ј-ATC CAGCGAATCCTTTAG-3Ј, for Arsenophonus; U1279F, 5Ј-CGAACGTAA GCGAACCTCAT-3Ј, for "Candidatus Regiella insecticola") (58) were paired with a more general, or "universal" bacterial primer from the 23S rRNA gene (35R, 5Ј-CCTTCATCGCCTCTGACTGC-3Ј). Diagnostic primers were perfect matches to 16S rRNA sequences deposited in GenBank under accession numbers AY136138 and AY136149 ("Candidatus Regiella insecticola" of A. pisum and M. euphorbiae) and AY136153 (Arsenophonus of the Myzocallis sp.). By amplifying across the intergenic spacer between the 16S and 23S rRNA genes, we obtained products of specific and repeatable lengths and excluded the possibility of amplification of B. aphidicola, in which these two genes are not contiguous. Thus, our diagnostic screening assays utilized two types of information: presence or absence of product and product size.
PCR assays were conducted in 10-l volumes as described previously (58) . Briefly, each reaction mixture contained 5.92 l water, 1 l of Eppendorf Taq buffer (with 15 mM Mg 2ϩ ), 1 l of 10 mM deoxynucleoside triphosphates, 0.8 l of each primer (at 5 M), and 0.08 l of Eppendorf Taq polymerase. The recipe was the same for Arsenophonus screens, except that 5.52 l of water was added along with 0.4 l of 25 mM Mg 2ϩ , giving a final magnesium concentration of 2.5 mM (versus 1.5 mM for the other reaction mixtures). PCR cycling conditions were as follows: 1 cycle of 94°C for 2 min; 35 cycles of 94°C for 1 min, 58°C for 1 min, and 72°C for 2 min; and 1 cycle of 72°C for 6 min. Products were electrophoresed in 2% agarose gels and run side-by-side with a 1-kb Plus DNA ladder (Invitrogen), used as a size standard.
To determine the quality of PCR templates, all DNA samples were assayed with the primers Buch 757F (5Ј-GAGGAATACCYKTGGCGAAA-3Ј) and 1507R (5Ј-TACCTTGTTACGACTTCACCCCAG-3Ј) (60) , which amplify a portion of the B. aphidicola 16S rRNA gene. Since all A. pisum lines harbor Buchnera, we excluded samples that failed to amplify with these primers, as these were likely poor in quality.
Fitness experiments. Aphids are cyclical parthenogens, and can be reared clonally in the laboratory. This enabled us to create several genetically identical lines of A. pisum which differed only in their infection status. The selected recipient clone (5A) was naturally free of secondary symbionts, and through microinjections we obtained a total of 6 lines that were examined in fitness experiments: (i) uninfected, (ii) infected with a native "Candidatus Serratia symbiotica" isolate ("Candidatus Serratia symbiotica" from clone 2BB), (iii) infected with a native "Candidatus Hamiltonella defensa" isolate ("Candidatus Hamiltonella defensa" A. pisum from clone 8-2b), (iv) infected with a native "Candidatus Regiella insecticola" isolate ("Candidatus Regiella insecticola" A. pisum from clone 2a), (v) infected with a novel "Candidatus Hamiltonella defensa" isolate from Aphis craccivora ("Candidatus Hamiltonella defensa" A. craccivora ), and (vi) infected with the novel Arsenophonus isolate from the Myzocallis species. The Arsenophonus-infected line was descended from a single female injected with hemolymph from a field-collected Myzocallis donor. All other infected lines were descended from single females injected with hemolymph from a lab-reared donor. PCR indicated that these lines were consistently infected with the expected symbionts, revealing the stability of artificial infections.
To determine the outcomes of interactions with novel and native symbionts, we measured and compared mean relative growth rates (MRGR) between these aphid lines. This measure provided an estimate of aphid fitness by incorporating data on adult and birth weights along with development time. We also compared survival among these lineages, estimating this fitness component as the proportion of aphids reaching adulthood. All fitness experiments were conducted after at least 10 generations postinjection, preventing any confounding effects of wounds received in the injection treatment.
In August 2002, we conducted our first set of fitness experiments, examining MRGR and survival in three separate time blocks for five lines of A. pisum clone 5A (uninfected or infected with "Candidatus Serratia symbiotica," "Candidatus Hamiltonella defensa" A. pisum , "Candidatus Regiella insecticola" A. pisum , or Arsenophonus) which had been maintained synchronously and under identical conditions for at least two generations. Adult aphids of similar age were used to produce experimental insects which were weighed in a tin foil boat on a microbalance (Cahn 29 Automatic Electrobalance) within 90 min of birth. These aphids were placed onto fava beans (one aphid per plant) and reared at 20°C with 18L:6D. We checked cultures for adults daily, beginning on day 5, distinguishing mature aphids from juveniles through morphological features, including a prominent increase in cauda length. Aphids were weighed, for a second time, on their first day of adulthood. Using our estimates of development time, along with birth and adult weights, MRGR was calculated as (ln adult weight Ϫ ln birth weight)/days to adulthood.
In the summer of 2003, we conducted another experiment to examine the effects of "Candidatus Hamiltonella defensa" A. craccivora on A. pisum hosts. MRGR was estimated at both 20°C and 25°C for A. pisum 5A lines which were free of secondary symbionts (N) or infected with either the native ("Candidatus Hamiltonella defensa" A. pisum ) or novel ("Candidatus Hamiltonella defensa" A. craccivora ) isolate. The design of this experiment was identical to that for the 2002 experiments, except that cultures were checked for adults at 12 (versus 24)-hour intervals to increase resolution.
Statistics. All statistical analyses were performed using JMPIN, version 3.2.6. Transmission efficiency in the first generation was compared between symbionts using logistic regression, treating the broods of single females as replicate units. Individual offspring of single females were scored as infected or uninfected based on the presence or absence of properly sized products obtained through diagnostic PCR assays. Logistic regression compared the odds of transmission of both the "Candidatus Regiella insecticola" isolate from M. euphorbiae ("Candidatus Regiella insecticola" M. euphorbiae ) and the Arsenophonus symbiont to those for the native "Candidatus Regiella insecticola" of A. pisum ("Candidatus Regiella insecticola" A. pisum ). In all analyses, we pooled the results of transmission in clones 7a and 5A and of the "Candidatus Regiella insecticola" isolates from clones 8-10-1 and 2a, having found no effects of the A. pisum genotype or "Candidatus Regiella insecticola" A. pisum isolate on transmission efficiency (data not shown). Separate analyses were conducted on offspring born at different times postinjection (8 to 10 days, 12 to 14 days, and 16 to 20 days postinjection). Coefficients from logistic regression equations represented the log odds of the difference in transmission success (proportion of infected offspring) between the novel symbionts versus the native "Candidatus Regiella insecticola" A. pisum . These estimates were back transformed (by taking the inverse natural log), and we refer to these values for all discussions in the text to clarify differences in transmission.
In estimating the effects of symbionts on aphid performance, we compared survival between lines using a chi-square test. We also performed analysis of variance to compare MRGR among aphids harboring different symbionts, assessing statistical differences between pairs of A. pisum lines through contrast tests.
RESULTS
Maternal transmission of novel and native symbionts. Symbionts were detected in offspring produced 8 to 10 days postinjection for 7/24 parents injected with "Candidatus Regiella insecticola" A. pisum and 14/23 parents treated with the novel Arsenophonus symbiont. In contrast, "Candidatus Regiella insecticola" donated from M. euphorbiae was not detected in any of the 26 broods produced by injected A. pisum during this same period. At 12 to 14 days postinjection, nearly all aphids injected with "Candidatus Regiella insecticola" A. pisum (16/17) or with Arsenophonus (7/8) gave birth to infected offspring, while only 33% (4/12) of aphids injected with "Candidatus Regiella insecticola" M. euphorbiae passed the symbiont on to their progeny. Transmission of the novel "Candidatus Regiella insecticola" remained rare during the 16 to 20 day interval: infected offspring were detected in 2/18 broods, compared to 4/10 broods for Arsenophonus and 16/17 broods for "Candidatus Regiella insecticola" A. pisum . Comparisons of the propor- Table 1 .
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on September 7, 2017 by guest http://aem.asm.org/ tions of infected offspring largely mirrored the above trends ( Fig. 1) , again revealing the rarity of "Candidatus Regiella insecticola" M. euphorbiae in A. pisum offspring.
Logistic regression was used to compare transmission efficiency among the three injected symbionts at each sampled time point in this first generation (Table 1) , treating broods of different females as replicates. This approach allowed us to account for different numbers of broods among treatments and different sample sizes among broods: factors that would not be considered under a simple chi-square test. At 8 to 10 days postinjection, Arsenophonus transmission was twice as likely as "Candidatus Regiella insecticola" A. pisum transmission (P ϭ 0.0036). Efficiencies were statistically indistinguishable between Arsenophonus and "Candidatus Regiella insecticola" A. pisum at days 12 to 14 (P ϭ 0.7622), whereas the odds of "Candidatus Regiella insecticola" A. pisum transmission were 2.8 times greater than those for the novel Arsenophonus isolate during the 16-to 20-day period (P Ͻ 0.0001).
In contrast to Arsenophonus, novel "Candidatus Regiella insecticola" fared poorly in A. pisum. Though estimates of regression coefficients were unstable (due to the complete absence of "Candidatus Regiella insecticola" M. euphorbiae transmission at the 8-to 10-day time span), "Candidatus Regiella insecticola" A. pisum transmission efficiency clearly exceeded that of "Candidatus Regiella insecticola" M. euphorbiae at 8 to 10 days: 8/67 offspring of aphids treated with the native symbiont were infected compared to 0/64 offspring of those injected with the novel "Candidatus Regiella insecticola" (chi-square ϭ 8.98, df ϭ 1, P Ͻ 0.01) (Fig. 1) . At 12 to 14 days postinjection, the odds of "Candidatus Regiella insecticola" A. pisum transmission were 10.2 times greater than those for "Candidatus Regiella insecticola" M. euphorbiae , according to logistic regression (P Ͻ 0.0001). This was comparable to the 9.4-fold difference observed for the 16-to 20-day time interval (P Ͻ 0.0001).
The rarity of "Candidatus Regiella insecticola" M. euphorbiae in the offspring of injected aphids could reflect failed persistence within injected A. pisum hosts or low transmissibility of surviving symbionts. To discriminate between these possibilities, we conducted logistic regression analyses on only those offspring of injected females testing positive for the transferred symbionts. Although the magnitudes of transmission differences between the novel and native "Candidatus Regiella insecticola" were slightly lower in these analyses, the results were qualitatively similar to the previous analysis on offspring from all parents. Specifically, the odds of transmission for the naturally occurring "Candidatus Regiella insecticola" were over 7 times greater than for "Candidatus Regiella insecticola" M. euphorbiae at both the 12-to 14-and 16-to 20-day time points (data not shown). Since infection was confirmed in the parents of these offspring, the lower transmission efficiency for the novel symbiont suggests an inability to colonize developing aphid embryos. However, we cannot rule out the possibility that "Candidatus Regiella insecticola" M. euphorbiae were present at lower densities than "Candidatus Regiella insecticola" A. pisum .
Maternal transmission in subsequent generations. To monitor transmission over a longer time course, we screened subsequent generations for "Candidatus Regiella insecticola" and Arsenophonus symbionts, using descendants of single females that transmitted symbionts to the first generation. First, we screened second and third generation aphids from eight lines that descended from five single females injected with "Candidatus Regiella insecticola" A. pisum . Transmission was nearly perfect within these lines, with only one instance of failure p) ], with p equal to the odds of symbiont transmission (the probability that an aphid is infected). ␤ 0 represents the intercept, ␤ 1 represents the ln (natural log) of the difference in the odds of transmission between "Candidatus Regiella insecticola" A. pisum versus Arsenophonus(Ars).
b Regression equation is Y ϭ ␤ 0 ϩ ␤ 1 Ars ϩ ␤ 2 Ri e . Again, Y represents the natural log of the odds ratio, ln[p/(1 Ϫ p)], with p equal to the odds of symbiont transmission (the probability that an aphid is infected). ␤ 0 represents the intercept. ␤ 1 represents the ln of the difference in the odds of transmission between "Candidatus Regiella insecticola" A. pisum versus Arsenophonus (Ars). ␤ 2 represents the ln of the difference in the odds of transmission between "Candidatus Regiella insecticola" A. pisum versus "Candidatus Regiella insecticola" M. euphorbiae (Ri e ).
c Statistics reveal whether ␤ parameters differed significantly from zero and, thus, whether the ln of the odds of transmission differed between the native symbiont and the novel symbionts.
d NA, not applicable. In contrast, "Candidatus Regiella insecticola" M. euphorbiae was rarely transmitted to progeny beyond the first generation. Of 39 F 2 to F 5 aphids belonging to lineages that descended from 23 different injected females, only one individual (an F 3 ) tested positive. We also examined pooled samples containing the DNA of 8 aphids descended from one of four single females that transmitted "Candidatus Regiella insecticola" M. euphorbiae to the first generation of offspring. No "Candidatus Regiella insecticola" M. euphorbiae was detected beyond the second (F 2 ) generation in these lines (data not shown). This symbiont thus appears incapable of utilizing A. pisum as a host. We must also mention that our results could be partially explained by low densities of "Candidatus Regiella insecticola" within M. euphorbiae and, thus, low titers in our inoculum. This would imply another barrier to symbiont spread, whereby insufficient symbiont numbers indirectly reduce the likelihood of transmission in a novel host.
Fitness effects of novel and native symbionts. We compared fitness measures between genetically identical aphids which were either free of secondary symbionts or artificially infected with novel or native symbionts. In the first experiment, we reared aphids of A. pisum clone 5A at 20°C, comparing MRGR and survival between an uninfected line, and lines harboring either "Candidatus Serratia symbiotica," "Candidatus Hamiltonella defensa" A. pisum , "Candidatus Regiella insecticola" A. pisum , or Arsenophonus. The proportions of aphids reaching adulthood ranged from 0.88 to 0.91, and aphids infected with Arsenophonus survived at rates comparable to those for each of the other aphid lines (data not shown). In contrast, Arsenophonus-infected hosts suffered a 9 to 13% reduction in MRGR compared to uninfected aphids and to those harboring any of the three native symbionts (Fig. 2A) . This reduction was due to both reduced growth from birth to adulthood (i.e., a smaller value for ln adult weight Ϫ ln birth weight) and prolonged development time (extended by over 0.6 days compared to all other lines). In contrast, there were no significant differences in MRGR among the remaining lines, revealing negligible fitness effects of the three native symbionts in this clonal A. pisum background. Fitness costs were a consistent trait of Arsenophonus-infected A. pisum across time and rearing temperatures, as Arsenophonus-infected aphids suffered from prolonged development when reared at 25°C in experiments performed several months later (Russell, unpublished) . Future work is required to determine whether fitness costs stemmed from high bacterial densities, differential tissue tropism, or the secretion of virulent toxins.
After demonstrating the stable maintenance of a novel "Candidatus Hamiltonella defensa" symbiont in the A. pisum background (Russell, unpublished), we examined its effects on aphid fitness. MRGR was measured for three lineages of A. pisum clone 5A in this experiment: uninfected, infected with "Candidatus Hamiltonella defensa" A. pisum , and infected with on September 7, 2017 by guest http://aem.asm.org/ "Candidatus Hamiltonella defensa" A. craccivora . We found no significant differences in MRGR among lines at either 20°C or 25°C ( Fig. 2B and C) . However, those infected with the novel "Candidatus Hamiltonella defensa" experienced elevated survival at 25°C compared to the other lines: 54/56 aphids harboring "Candidatus Hamiltonella defensa" A. craccivora reached adulthood, compared to 44/53 and 45/55 for the "Candidatus Hamiltonella defensa" A. pisum -infected and uninfected lines, respectively ( 2 ϭ 5.40, df ϭ 1, P Ͻ 0.025 for "Candidatus Hamiltonella defensa" A. craccivora versus uninfected lines; 2 ϭ 6.14, df ϭ 1, P Ͻ 0.025 for novel versus native "Candidatus Hamiltonella defensa"-infected lines).
DISCUSSION
Generalist symbionts. Closely related heritable bacteria are often distributed across distantly related insect hosts, revealing histories of horizontal transfer or host switching (2, 43) . This pattern suggests that the symbionts retain a general ability to survive, reproduce, and undergo efficient transmission in novel hosts. Here, we have examined this ability in three secondary symbionts of aphids, providing further insight into the generalist nature of heritable microbes.
Both Arsenophonus and "Candidatus Hamiltonella defensa" A. craccivora symbionts were shown to be capable of persisting in a novel species, A. pisum, after transfer from their natural aphid hosts. We have stably maintained these bacteria within A. pisum for several dozen generations. Moreover, the transmission efficiency of Arsenophonus was found to be similar to that of an isolate of "Candidatus Regiella insecticola" occurring naturally in A. pisum. Combined, these findings indicate that A. pisum is a physiologically suitable host for these symbiont isolates.
Our findings are not the first to document a multihost capacity of heritable symbionts. Some Wolbachia and Spiroplasma isolates can infect multiple arthropod hosts, efficiently colonizing the offspring of novel species and persisting across multiple generations after experimental transfer (8, 55, 59, 61) . In addition, other isolates of secondary symbionts can persist in more than one aphid species. After artificial infection, both "Candidatus Serratia symbiotica" (also known as PASS or Rtype) and "Candidatus Hamiltonella defensa" (also known as PABS or T-type) of A. pisum were efficiently transmitted in the aphids Acyrthosiphon kondoi and Aphis fabae, respectively (14, 18) . These findings are consistent with observations of incongruent host and symbiont phylogenies, revealing that several heritable symbionts are, indeed, generalists. However, their host ranges and degrees of generalism vary, as discussed below.
A transmission barrier to horizontal transfer. In contrast to the novel "Candidatus Hamiltonella defensa" and Arsenophonus symbionts, "Candidatus Regiella insecticola" M. euphorbiae was rarely transmitted to A. pisum offspring despite surviving inside injected aphids. This failure to propagate in progeny suggests that an interaction between genotypes of host and symbiont limits the range of suitable hosts, though low density in our inoculum could partially account for our results. The donor of the poorly transmitted "Candidatus Regiella insecticola," M. euphorbiae, is more closely related to A. pisum than are either A. craccivora or Myzocallis sp., the donors of efficiently transmitted symbionts examined in this experiment.
Thus, we note that the ability to persist in a new species is not a simple reflection of phylogenetic distance from the ancestral host.
Inefficient maternal transmission has been documented previously for other heritable bacteria of hexapods. For example, after experimental transfer between insect species, several Wolbachia isolates are passed onto offspring at levels insufficient for sustained maintenance over multiple generations (6, 15, 34, 54, 74) . Similarly, Pseudomonas-like symbionts of Paederus beetles vary in their abilities to colonize the progeny of novel beetle species, with some exhibiting transmission failure and ephemeral persistence (36) . Inefficient transmission, therefore, appears to be a common barrier to horizontal transfer, constraining the distributions of heritable symbionts across the insects. Yet given the documented instances of symbiont persistence after cross-species transfer, it is clear that the effectiveness of this barrier varies across hosts and symbionts.
Fitness effects can mediate symbiont host range. Fitness effects of heritable symbionts are predicted to play a large role in shaping their prevalence in host populations (10, 23, 40) . Therefore, studies on the outcomes of interactions between novel host and symbiont partners provide an opportunity to decipher whether these effects may promote or limit the spread of microbes across species.
Based on our measures of aphid fitness, we conclude that "Candidatus Hamiltonella defensa" A. craccivora is better equipped to persist within natural A. pisum populations than Arsenophonus, despite the fact that both were stably transmitted in the laboratory. This latter microbe reduced aphid growth and prolonged development, curbing mean relative growth rates. Thus, barring an unforeseen fitness benefit or a greater capacity for horizontal transmission of Arsenophonus, A. pisum infected with this symbiont would be outperformed by other lineages in the field, resulting in their elimination. In contrast, "Candidatus Hamiltonella defensa" A. craccivora had no negative effects on the fitness parameters we measured and even conferred a survival advantage when aphids were reared at 25°C. Furthermore, this same isolate has been shown to protect novel A. pisum hosts from parasitic wasps (K. M. Oliver, N. A. Moran, and M. S. Hunter, submitted for publication), resembling a defensive phenotype documented for naturally occurring "Candidatus Hamiltonella defensa" isolates (50) . These benefits would promote the spread of "Candidatus Hamiltonella defensa" within host populations and could account for the broad host range of this symbiont.
It is worth noting that secondary symbionts have not been shown to manipulate the sexual reproduction of aphids. And experiments in our laboratory have revealed that the symbionts examined here induce neither parthenogenesis nor male-killing in sexual generations of A. pisum (J. A. Russell and A. C. C. Wilson, unpublished data). Though some heritable bacteria employ reproductive manipulation to facilitate their spread (for examples, see references 11, 35, 56, and 66), we reason that this strategy would have limited effects in aphids, which reproduce asexually for most or all of the annual life cycle. Instead, fitness effects in these asexual generations are likely the driving force behind symbiont prevalence in aphid populations.
In addition to Arsenophonus, several other heritable symbionts reduce the fitness of novel arthropod hosts, providing 7992 RUSSELL AND MORAN APPL. ENVIRON. MICROBIOL.
on September 7, 2017 by guest http://aem.asm.org/ further evidence for a fitness barrier that limits horizontal transfer. For example, Acyrthosiphon kondoi suffers from prolonged development times and reduced fecundity and longevity when infected with "Candidatus Serratia symbiotica" (also known as PASS) (13) , which confers conditional benefits upon its natural A. pisum hosts (42, 50) . Alternatively, there is little evidence for beneficial effects of novel symbionts on their arthropod hosts. The degree to which benefits can be transported across species boundaries deserves further investigation, especially for the secondary symbionts of aphids. As mentioned above, these bacteria play roles in heat tolerance (42, 57) , defense against natural enemies (24, 50) , and host plant utilization (69), illustrating their potential significance in aphid ecology and evolution. If these benefits prove transferable, they may help to explain the prevalence of secondary symbionts across the aphids and their sap-feeding relatives.
Further questions on the interactions between insects and maternally transmitted symbionts. The results of this study have provided further insight into the generalist nature of heritable symbionts of insects. We have revealed that inefficient transmission and detrimental fitness effects can impede the spread of secondary bacterial symbionts across species. Yet we have also demonstrated that the effectiveness of these barriers will depend on the identity of the microbe. Despite our findings and those of previous studies, many intriguing questions on the interactions between insects and heritable microorganisms remain unanswered. For example, we are still unaware of the means by which symbionts are naturally transferred among species. Previous laboratory and phylogenetic studies suggest potential roles for parasitism and oral acquisition (19, 33, 34, 36, 53, 63, 75) . Though the natural importance of these routes and the frequencies at which they permit lateral movement among insects are unknown, it is likely that barriers acting at this level, imposed by ecological associations, will play an important role in shaping symbiont distributions.
Our findings also raise the question of how the patterns of specialization within symbiont lineages relate to trends observed in bacterial genomes. Secondary symbionts are entirely dependent on their aphid hosts and have not been cultivated in cell-free media. Such host dependence is correlated with irreversible gene loss in other bacteria (3, 17, 25, 41, 46, 49) , including several ancient and highly specialized microbes of insects (1, 30, 64, 67, 73) . But in contrast to these specialized microbes, secondary symbionts retain general abilities to infect multiple hosts. Future research will reveal whether their genomes have also evolved along degenerative trajectories and whether they have retained a capacity to acquire DNA through lateral gene transfer. These studies will elucidate the genetic bases of specialization for microbes that play important roles in insect ecology and evolution.
